Abstract. In order to properly determine the efficacy of marine protected areas (MPAs), a seascape perspective that integrates ecosystem elements at the appropriate ecological scale is necessary. Over the past four decades, Hawaii has developed a system of 11 Marine Life Conservation Districts (MLCDs) to conserve and replenish marine resources around the state. Initially established to provide opportunities for public interaction with the marine environment, these MLCDs vary in size, habitat quality, and management regimes, providing an excellent opportunity to test hypotheses concerning MPA design and function using multiple discrete sampling units. Digital benthic habitat maps for all MLCDs and adjacent habitats were used to evaluate the efficacy of existing MLCDs using a spatially explicit stratified random sampling design. Analysis of benthic cover validated the a priori classification of habitat types and provided justification for using these habitat strata to conduct stratified random sampling and analyses of fish habitat utilization patterns. Results showed that a number of fish assemblage characteristics (e.g., species richness, biomass, diversity) vary among habitat types, but were significantly higher in MLCDs compared with adjacent fished areas across all habitat types. Overall fish biomass was 2.6 times greater in the MLCDs compared to open areas. In addition, apex predators and other species were more abundant and larger in the MLCDs, illustrating the effectiveness of these closures in conserving fish populations within their boundaries. Habitat type, protected area size, and level of protection from fishing were all important determinates of MLCD effectiveness with respect to their associated fish assemblages. Although size of these protected areas was positively correlated with a number of fish assemblage characteristics, all appear too small to have any measurable influence on the adjacent fished areas. These protected areas were not designed for biodiversity conservation or fisheries enhancement yet still provide varying degrees of protection for fish populations within their boundaries. Implementing this type of biogeographic process, using remote sensing technology and sampling across the range of habitats present within the seascape, provides a robust evaluation of existing MPAs and can help to define ecologically relevant boundaries for future MPA design in a range of locations.
INTRODUCTION
Coral reef ecosystems are facing overexploitation and severe depletion on a global scale (Jackson et al. 2001 , Bellwood et al. 2004 , Pandolfi et al. 2005 . Although pollution, coastal development, invasive species, and global climate change all impact coral reefs, fishing exerts the most direct and pervasive influence on these and other marine ecosystems Kaiser 1998, Jackson et al. 2001) . Fishing down of marine food webs has been occurring for more than a century and this has led to large-scale changes throughout the world's oceans (Pauly et al. 1998 , Pauly et al. 2001 . The most dramatic decline has been the loss of large apex predators (Myers and also have many non-fisheries benefits, such as protecting biodiversity and ecosystem structure, serving as biological reference areas, and providing nonconsumptive recreational activities (Bohnsack 1998 , Roberts 2005 .
Despite the extensive advocacy and widespread implementation of MPAs, there are significant gaps in the science of MPA design and function (Botsford et al. 2003 , Sale et al. 2005 . In order to more effectively evaluate and design MPAs, a seascape approach is necessary to characterize ecosystem patterns at scales that are commensurate with the resources and their users (Sala et al. 2002 , Monaco et al. 2005 . MPAs need to be viewed in the larger context of the entire ecosystem and their design needs to consider the habitat requirements and life histories of the species of interest, as well as the extent to which these habitats interact at larger spatial scales (Sladek Nowlis and Friedlander 2004) . Defining and understanding the mosaic of habitats and their connection within the ecosystem are critical if MPAs are to be effective in retaining productive populations within their borders (Appeldoorn et al. 2003 .
Remote sensing has been used to develop benthic habitat maps of coastal marine environments at large spatial scale for over 30 years (Mumby et al. 1997 ; reviewed by Mumby et al. 2004) . Digital benthic habitat maps derived from high-resolution aerial photography have been used to help define spatial and temporal distributions by life stage of fishes and invertebrates, determine species habitat affinities, and understand ecological connections among habitats (Monaco et al. 1998) . Coupling the distribution of habitats and species habitat affinities using geographical information system (GIS) technology elucidates species habitat utilization patterns for a single species and/or assemblages of animals (Rubec et al. 1999 , Ault et al. 2005 . This integrated approach is useful in quantitatively defining essential fish habitat (Clark et al. 2003) and defining biologically relevant boundaries of marine protected areas , Friedlander et al. 2003b .
In Hawaii, declining fisheries resources (Shomura 1997 , Friedlander and DeMartini 2002 , Tissot and Hallacher 2003 and overall marine ecosystem degradation Evans 1995, Smith et al. 2002 ) has led to a call for the expanded use of MPAs as a tool to more effectively manage these resources. Hawaii established its first MPA over 30 years ago, and since that time numerous protected areas have been established, with varying levels of protection, ranging from complete ''no-take'' areas to areas that have allowed a wide variety of activities to occur within their boundaries (Table 1) . Criteria for designation of MLCDs included (1) the marine life and its potential for increase, (2) its pristine state, (3) compatibility with existing uses within and adjoining the MLCD, (4) geological features that provide well defined boundaries for enforcement, and (5) the site's ability to support public safety and accessibility from the shoreline (Hawaii Division of Aquatic Resources 1992). Candidate sites were nominated through public recommendations, legislative mandate, biological surveys, and other means.
Owing to the diversity of existing MPAs in Hawaii, it is critical that the efficacies of these areas are evaluated to ensure the effective design of future MPAs in the state. However, to have the capability to address the effectiveness of MPAs, the first step in this process is to define species habitat utilization patterns across varying levels of habitat quality and protection from fishing. The objective of this study was to evaluate existing MPAs in Hawaii using a spatially explicit sampling design to help identify the ecological processes and management regimes that result in productive fish populations within their borders.
METHODS

Benthic habitat mapping
The National Oceanic and Atmospheric Administration (NOAA) acquired and visually interpreted orthorectified aerial photography, IKONOS satellite imagery, and hyperspectral imagery for the near-shore waters (to 25 m depth) of the majority of the main Hawaiian Islands (MHI; Coyne et al. 2003) . Habitat features were delineated at a scale of 1:6000, with a minimum mapping unit of 0.004 km 2 . Visual interpretation of the imagery was guided by a hierarchical classification scheme that defined and delineated benthic polygon types based on habitat classifications that included ecologically-relevant locational (backreef, forereef, lagoon, and so forth) and typological (patch reef, spur and groove, colonized pavement, and so forth) strata. Habitats were defined in a collapsible hierarchy ranging from four broad classes (unconsolidated sediment, macroalgae, coral reef and hard bottom, and other), to more detailed categories (e.g., emergent vegetation, seagrass, algae, individual patch reefs, uncolonized volcanic rock), to patchiness of some specific features (e.g., 50-90% cover of macroalgae). The major product of this effort is a series of GIS-based benthic habitat maps that are characterized by a high degree of spatial and thematic accuracy.
Accuracy of the benthic habitat stratum used to guide the sampling design was quantified for each of the four habitat classes using an error matrix ( [MAC] ). The matrix is represented by rows and columns that correspond to an individual benthic habitat class, with each cell containing the total sample sites for that particular habitat class . A total of 933 accuracy assessment points were entered into the error matrix and the user's, producer's and overall accuracy were calculated. The producer's accuracy represents the probability that a particular habitat class is classified correctly from the imagery and is based on errors of omission . The user's accuracy is dependent upon actual field verification and is based on errors of commission (Naesset 1996 , Stehman 1997 . Errors of commission are considered errors of inclusion and occur when an area is included in a habitat class when it did not belong in that particular habitat class (Congalton and Green 1999) . For example, user's accuracy represents the probability of an area classified as aggregated coral on the map but is in fact aggregated coral in situ. Therefore, the user's accuracy may provide the most relevant measure of accuracy to evaluate the habitat maps for use in a stratified random sampling design. The user's accuracy for the habitat maps used to guide this sampling design ranged in value from 83% to 92%. UCS and CHB had the highest user's accuracy values at 92% and 91%, respectively. UCH had the lowest user's accuracy of 83%. The overall accuracy of the final mapped product prepared from the visual interpretation of imagery for the main eight Hawaiian Islands was calculated to be 90% (kappa and tau ¼ 0.86) for the major class level and 80% at the most detailed level of the classification scheme (data available online).
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Sample design
Sampling was conducted in all 11 MLCDs (Fig. 1) bottom was defined as habitat having ,10% live coral cover. Within each major habitat type, sampling was further stratified by management regime (MLCD and MLR, Fisheries Management Area [FMA] , and open access). FMAs comprise a heterogeneous group of management areas that were designed to reduce user conflicts through gear restrictions or rotational closures.
Location points, in either latitude and longitude or Universal Transverse Mercator (UTM) coordinates, were downloaded into a GPS for use in the field. Once in the field, two divers navigated to waypoints using GPS and conducted a single 25-m transect. Direction of each transect was determined randomly along the isobath of that GPS point except in cases where that direction caused the transect to traverse multiple habitats. In those situations, transects were run within a habitat polygon at a similar isobath stratum. The Waikiki study area on Oahu is given as an example to show the spatial coverage of sampling locations by habitat type and management regime (Fig. 2) .
Fish sampling methodology
Fish assemblages at each location were quantified using standard underwater visual belt transect survey methods (Brock 1954 (Brock , 1982 . A diver swam a 25 3 5 m transect at a constant speed and identified to the lowest possible taxon all fishes visible within 2.5 m to either side of the centerline (125-m 2 transect area). Swimming duration varied from 10-15 min, depending on habitat complexity and fish abundance. At the beginning of the survey, the fish counter visualized out to the end of the transect and enumerated all individuals that were potentially leaving the census area. In this manner, we were able to partially account for the behavior that targeted species acquire in areas that are frequented by spearfishers (Kulbicki 1998) .
Nomenclature followed Randall (1996) . Total length (TL) of fish was estimated to the nearest centimeter. Length estimates of fishes from visual censuses were converted to mass using the following length-mass relationship: M ¼ aSL b where the parameters a and b are constants for the allometric growth equation, SL is standard length in millimeters, and M is mass in grams. Total length was converted to standard length (SL) by multiplying standard length by total length-fitting parameters obtained from FishBase (available online). Hawaii (Hawaii Cooperative Fishery Research Unit, unpublished data). This was supplemented with information from other published and Web-based sources. In the cases where length-mass information did not exist for a given species, the parameters from similar bodied congeners were used. All biomass estimates were converted to metric tons per square kilometer (Mg/km 2 ) to facilitate comparisons with other studies worldwide. Finally, fish taxa were categorized into three trophic guilds (herbivores, secondary consumers, and apex predators) according to various published sources DeMartini 2002, DeMartini et al. 2005) and FishBase. Based on previous work in Hawaii, these three trophic groupings worked well to document differences in fish assemblages due to habitat and fishing (Friedlander and DeMartini 2002) . Finer trophic groupings (e.g., planktivores) were not analyzed separately due to the patchy distribution of these groups. 
Fish sample size analysis
A pilot study was conducted in the Waikiki area to determine optimal sample size to adequately characterize the number of species and number of individuals per transect, among the four major habitat types. A technique developed by Bros and Cowell (1987) using the standard error of the mean to resolve statistical power was used for this analysis. This method uses a Monte Carlo simulation procedure to generate a range of sample sizes versus power. The sample size at which further increases in sample size does not substantially increase power (decreasing standard error of the mean) is taken as the minimum suitable number of samples.
For number of species per transect, high and low standard error of the mean began to level off and converge at approximately four samples in the CHB and UCS habitats and approximately eight samples for the MAC and UCH habitats. For number of individuals per transect, high and low standard error of the mean began to converge at six samples in the UCS habitat and nine samples in the CHB, UCH, and MAC habitats. Given this set of results, nine to 10 samples per habitat appeared to be adequate to control the standard error of the mean for number of individuals and number of species per transect and was the minimum sample size used per habitat and management stratum in this study.
Benthic survey techniques
On completion of the fish survey, benthic cover was assessed along the same 25-m transect line. During the first survey period (Waikiki area), digital video transects were used to measure coral species richness, percent coverage, and Shannon-Weaver diversity but all subsequent surveys were conducted using the in situ planar point intercept quadrat method (Reed 1980) due to the long post processing time (;2 h for one transect) and low taxonomic resolution of some substrate categories (e.g., macroalgae) using video. A previous study in Hawaii comparing these two methods found no significant differences between the two methods in characterizing the benthic assemblages (Brown 2004) .
For the video method, each transect was videotaped from a perpendicular angle at a height of 0.5 m above the substrate. Total area sampled along each transect was 12.8 m 2 . Image analysis was conducted using 20 randomly selected nonoverlapping video frames from each transect with 50 randomly selected points per frame. Percent cover was tabulated for coral (by species), macroinvertebrates, and other benthic substrate types (coralline algae, turf algae, macroalgae, and sand).
For the in situ visual quadrats, each transect was stratified into 5 3 5 m segments with quadrats randomly allocated within each segment. Twenty-five randomly selected intersections were marked on a 1-m 2 quadrat grid and used for substrate identification within each 5 3 5 m segment (n ¼ 125 points per transect). Sample size was determined at the intersection of standard deviation and sampling time as a function of number of points per quadrat (10, 25, or 50) . Each intersection was identified using substrate categories of sand, coralline algae, turf algae, macroalgae, and coral. Coral and macroinvertebrates were identified to species level. Limitations of in situ methodology precluded taxonomic resolution of algae down to the species level so algae were identified to genera. Percent cover values for each substrate category and coral species were derived by dividing the number of occupied points by the total number of intersections (25) within each quadrat.
To measure reef rugosity or surface relief, a chain of small links (1.3 cm per link) was draped along the full length of the centerline of each transect (Risk 1972) . Care was taken to ensure that the chain followed the contour of all natural fixed surfaces directly below the transect centerline. A ratio of distance along the reef surface contour (cd) to linear horizontal distance (ld) gave an index of spatial relief or rugosity of r ¼ cd/ld.
Data analysis
Differences in habitat quality were examined using two approaches. First, a permutation-based hypothesis testing analysis of similarities (ANOSIM in PRIMER 5.0 [Primer-E Ltd., Plymouth, UK]) was used for the comparison of hard-bottom benthic assemblages between the MLCDs and the adjacent open access area Gorley 2001, Clarke and Warwick 2001) . This procedure generates an R statistic that is on a scale from 0 or negative value (identical assemblages) to 1 (completely dissimilar assemblages). The resulting P value indicates the probability that the two assemblages come from a similar distribution (Clarke and Warwick 2001) . Second, differences in topographical complexity (rugosity) between MLCDs and the corresponding open areas were compared using a Student's t test. Each MCLD comparison was conducted individually and raw values were used in the analysis since the data conformed to the assumptions of normality and homogeneity of variances. Sand habitats and FMA samples were excluded from both analyses because they were not present at all of the sites. The criterion for significance for these comparisons was P ¼ 0.05, adjusted for multiple tests by the Bonferroni correction (P ¼ 0.05/m), where m is the number of comparisons within the series (Manly 1991) .
Biomass was ln(x þ 1)-transformed prior to statistical analysis to conform to the assumptions of parametric statistics (Zar 1999) . Normality was tested using a Shapiro-Wilk W test (P , 0.05) while a Bartlett's test (P , 0.05) was used to examine homogeneity of variance. Percent substrate cover data were arcsine-square root transformed prior to statistical analyses (Zar 1999) . Species diversity was calculated from the ShannonWeaver diversity index (Ludwig and Reynolds 1988) 
, where p i is the proportion of all individuals counted that were of species i.
The MLR was combined with all MLCDs for all analyses and all references to MLCDs in the results section include the MLR. Comparisons of fish species richness, biomass, and diversity among management strata and habitat types were conducted using one-way analysis of variance (ANOVA). Analysis of trophic biomass among management strata was performed in a similar manner. Unplanned comparisons between pairs were examined using the Tukey-Kramer hsd (honestly significant difference) test for ANOVAs (a ¼ 0.05). The correlation between the ratio of fish biomass inside vs. outside MLCDs and the human population density per kilometer of island shoreline was tested using the nonparametric Spearman Rho correlation coefficient (Siegel and Castellan 1988) . The correlation of overall rank size of MLCDs with various fish assemblage characteristics (species richness, biomass, diversity, and number of individuals !15 cm) was tested using Kendall's coefficient of concordance (Daniel 1990) . Fish size spectra were described for each management stratum using least-squares regression to relate log 10 -transformed numerical densities against body length in 5-cm size classes. Lengths were first standardized to the midpoint of the size distribution for each management stratum in order to remove the correlation between slope and intercept (Dulvy et al. 2004 , Graham et al. 2005 . Estimates were restricted to fish !15 cm TL to examine the adult component of the assemblage, which is the majority (by mass) of the fisheries harvest, and to eliminate the influence of recent recruitment on size distributions. Size spectra were compared among management strata using least squares analysis of covariance (ANCOVA). Unplanned multiple comparisons were tested using Tukey's hsd test (a ¼ 0.05).
Nonmetric multi dimensional scaling (MDS) analysis using PRIMER v5 (Clarke and Gorley 2001) was conducted to examine fish assemblage structure among habitats and management regimes. The data matrix consisted of mean fish biomass by species for each major habitat within each management stratum at each overall location. A Bray-Curtis similarity matrix was created from the ln(x þ 1)-transformed mean fish biomass matrix prior to conducting the MDS.
RESULTS
Sampling effort and map accuracy
A total of 939 spatially independent surveys were conducted between 22 January 2002 and 22 December 2004 (Table 3) . Of this total, 40% were in CHB, 29% were in UCH, 20% were in UCS, and 11% were in MAC. On average, ;9.3 6 5.6 km (mean 6 SD) of linear shoreline was surveyed for each protected area and its adjacent habitat. MLCDs comprised 40% of the samples, while 52% were conducted in open areas, with the remaining 8% in FMAs.
Comparisons of habitat characteristics
Benthic assemblages were generally similar between the MLCDs and the corresponding areas open to fishing based on ANOSIM comparisons (Table 4) . Even though P values for two comparisons were significant (Kealakekua, Hawaii and Pupukea, Oahu), the small R statistics (,0.35) indicated that these benthic assemblages were still relatively similar to their adjacent openaccess areas. The rugosity measurements also indicated that the topographical complexity of the hard-bottom habitats for the majority of sites (nine out of 12 or 75%) was statistically equivalent between the MLCDs and the adjacent open areas (Table 5 ). Three sites, however, Pupukea MLCD, Hanauma Bay MLCD, and Honolua Bay MLCD had statistically higher rugosity values than their corresponding open access areas.
Fish assemblage characteristics among major habitat types and management regime
Results of one-way ANOVAs revealed that within major habitat types, species richness, biomass, and diversity were, in most cases, higher in the MLCDs, followed by FMAs, and open areas (Table 6 ). Species richness and diversity were significantly higher (P , 0.05) in the MLCDs compared to open areas in all major habitats except MAC. Biomass in the MLCDs and the MLR was significantly higher than both the FMA and open areas in all habitats except macroalgae. Among all hard-bottom habitats (CHB, UCH, MAC), overall species richness and diversity were both 1.4 times greater in MLCD compared with open areas, while overall fish biomass was 2.6 times greater in MLCDs compared to open areas among all habitats.
Size spectra among management regimes
Size spectra analysis was used to compare size structure of fish assemblages among management regimes on hardbottom habitats (Fig. 3) . There was a significant difference 
Comparisons between individual protected areas and areas open to fishing
A ratio of fish biomass (Mg/km 2 ) on all hard-bottom habitats (UCH, CHB, and MAC) inside protected areas (MLCDs) compared with outside adjacent areas, excluding FMAs, was developed to examine how effective each protected area was relative to the adjacent open area in conserving fish biomass (Fig. 4) . Biomass in the Hanauma Bay MLCD was 8.4 times higher than along the adjacent south shore Oahu areas. The MLCDs with the smallest differences in biomass ratios were all only partially protected from fishing and located on the islands of Hawaii (Waialea, Kealakekua, and Lapakahi) and Lanai (Manele), which have lower human population densities than Oahu and Maui. There was a significant correlation between island human population density per km of shoreline and the ratio of biomass inside the protected area compared to the adjacent area open to fishing (Spearman rho ¼ 0.696, P ¼ 0.012).
Trophic comparisons
Within all hard-bottom habitats, there were significant differences in trophic biomass among management regimes (F 2, 2255 ¼ 10.42, P , 0.05; Fig. 5 
Assemblage characteristics among protected areas
Significant differences in total species richness (F 11, 293 ¼ 20.23, P , 0.001), biomass (F 11, 293 ¼ 6.99, P , 0.001), and diversity (F 11, 293 ¼ 7.22, P , 0.001) were present among all MLCDs (Fig. 6) . The Old Kona Airport MLCD had a significantly greater number of species than all other protected areas. Pupukea, Lapakahi, and Honolua followed in species richness, respectively, but these sites did not differ significantly (P . 0.05) from Molokini, Manele, Kealakekua, or Hanauma. Species richness at Waikiki, Moku o Loe, Waiopae, and Waialea was less than half that of Old Kona Airport.
The Molokini MLCD possessed the highest biomass on hard bottom among all protected areas and also had the highest biomass of apex predators (Fig. 6) . Old Kona Airport, Kealakekua, Hanauma, Manele, and Honolua followed in biomass, respectively, and were all statistically indistinguishable (P . 0.05) from Molokini. Apex predators tended to be most abundant in these protected areas than in areas with lower total biomass. The lowest biomasses were recorded in the Waikiki MLCD, followed by Waiopae, Waialea, and Moku o Loe, respectively. Diversity was highest at Lapakahi but the top nine protected areas did not differ significantly (P . 0.05) from one another in species diversity. The lowest diversity in hard-bottom habitats was observed at Moku o Loe, followed by Waikiki and Waialea.
MLCD size
The amount of hard bottom within each MLCD was ranked and compared with the ranks of various fish assemblage characteristics (species richness, biomass, diversity, and number of individuals !15 cm; Fig. 7) . The overall rank size of MLCDs and the MLR was significantly and positively correlated with these various fish assemblage characteristics (Kendall's coefficient of concordance W ¼ 0.720, P ¼ 0.031 ; Daniel 1990 ).
Multivariate comparisons of fish assemblages
Viewed in ordination space, all MLCDs, except for Waialea Bay, tended to increase up and to the right in the MDS plot relative to their corresponding open areas and FMAs (Fig. 8) . The magnitude of this shift in ordination space was related to the differences observed in assemblage characteristics (i.e., areas adjacent to MLCDs with large differences in individual assemblage characteristics were farther apart in ordination space than adjacent areas with smaller differences in individual assemblage characteristics). The MLCDs clustered together towards the center and right of the plot with open areas clustering in the lower left corner. Open areas on Oahu and Maui clustered closer together in ordination space, while locations on the Kona coast of the Big Island were more similar to one another.
DISCUSSION
Results from this study show that spatial patterns of fish assemblages in Hawaii are largely driven by their habitats and level of protection from fishing. Fish assemblages varied among habitat types, with coral reef hard bottom having the highest values for most assemblage characteristics, while sand and macroalgal habitats contained low fish species richness, biomass, and diversity. Elsewhere in Hawaii, habitat characteristics, at multiple scales, have also been shown to play an important role in affecting the structure of coral reef fishes Parrish 1998, Friedlander et al. 2003a) .
Within major habitat types, species richness, biomass, and diversity were, in most cases, nominally higher in the MLCDs, followed by FMAs, and open areas. Overall fish biomass was 2.6 times greater in MLCDs Results from size spectra comparisons of fish assemblages among management regimes indicate that both the overall size of the adult fish assemblage was larger in the protected areas and the larger size classes had a greater number of individuals compared with the other management regimes. Larger individuals are important to fish population replenishment because they provide a disproportionately greater reproductive contribution than smaller individuals, and these contributions have lower overall mortality (Berkeley et al. 2004) .
One explanation for the higher fish assemblage characteristics in the MLCDs compared to their corresponding open access areas may be due to preexisting differences in habitat quality. Indeed several of the MLCDs (e.g., Kealakekua, Honolua, Hanauma, and Pupukea) did have slightly different benthic assemblages and higher topographical complexity than the adjacent areas accessible to fishing (Tables 4 and 5) . These habitat quality characteristics may have partially contributed to the higher biomass ratios seen in three of the four sites (Fig. 4) .
Two lines of evidence, however, indicate that these habitat differences were not the principal factors accounting for the much higher levels of fish species richness, diversity, and biomass in the MLCDs. First, the low R statistic for the benthic assemblage comparisons indicated that any statistical differences in benthic community structure were still quite small and that the hard-bottom habitats were very similar (Clarke and Warwick 2001) . Second, the majority of site comparisons (19 out of 24, 79%) did not exhibit differences in either benthic assemblage structure or rugosity. Therefore, the habitat comparisons suggest that differences in fish assemblage structure between MLCDs and open access areas were not attributed to differences in habitat quality but rather differences in other factors such as fishing pressure. Our sampling strategy using a spacefor-time substitution, also controlled for habitat quality and supported a direct contrast of fish assemblages in fished and protected areas since habitat quality was not different in most cases.
''Space-for-time'' substitution has been used in many instances as an alternative to long-term studies to assess the impact of human-induced changes where pre-impact records are sparse or nonexistent (Pickett 1989) . In the absence of reliable time-series data inside protected areas, we can infer the impacts of fishing by examining the differences in fish assemblages between MLCDs and adjacent areas open to fishing. Locations with the highest human population density had the highest ratio of fish biomass inside the MLCD compared with adjacent outside areas. This is likely the most accurate estimate of fishing pressure in Hawaii since commercial fisheries catch and effort statistics only represent a small proportion of the total landings and Hawaii has no recreational fishing license (Friedlander and Parrish 1997) . For the United States as a whole, recreational fisheries have been documented to comprise a large component of the total fish catch of nonindustrial species, particularly among species of concern (Coleman et al. 2004) .
Based on biomass ratios inside and outside MLCDs, all protected areas appear to conserve fish biomass, in varying degrees, within their borders compared to adjacent areas open to fishing. The large difference in fish biomass inside vs. outside the Hanauma Bay MLCD (more than eight times) can likely be attributed to high fishing pressure in the areas outside the MLCD. Biomass in Molokini Shoals MLCD was more than six times higher than the nearby ''control'' areas along south Maui but these areas may not represent true comparisons with the MLCD owing to the unique offshore habitat of Molokini. Other MLCDs with large differences in biomass relative to their adjacent controls included, Honolua on Maui (more than four times higher), and Pupukea (3.8 times higher) and Waikiki (2.5 times higher) on the island of Oahu. These locations are situated near large human populations and therefore may experience high fishing pressure in the open areas adjacent to the MLCDs. As noted above, poor habitat quality in some of these adjacent may have contributed to lower fish biomass.
MLCDs on the islands of Lanai (Manele) and Hawaii (Waialea, Kealakekua, Lapakahi, and Old Kona Airport) all had relatively small differences in the ratio of fish biomass inside the MLCD compared to the adjacent open areas. Lower fishing pressure and the good habitat quality (low macroalgal cover and high habitat complexity) outside the MLCDs may explain these relatively small differences. In addition, all five areas have management strategies that only partially protect against fishing. Partial protection has been shown to be less effective than complete no-take reserves in Hawaii (Friedlander et al. 2003a , Williams et al. 2006 and elsewhere, as well (Wallace 1999 , Reed 2002 .
Highest values and ranks for fish assemblage characteristics were associated with larger MLCDs. Molokini Shoals MLCD had the highest fish biomass observed among all MLCDs, followed by Old Kona Airport, Kealakekua Bay, and Hanauma Bay. Molokini also had the greatest biomass of apex predators among all areas with sharks and jacks accounting for more than 99% of apex predator biomass. Species richness, biomass, and diversity were low at Waikiki, Moku o Loe, Waiopae, and Waialea. Low values for the Moku o Loe MLR and the Waiopae MLCD can be attributed to their habitats. The Moku o Loe MLR consists of a single, 30-ha, patch reef, while the Waiopae MLCD is comprised of a series of shallow tide pools.
Apex predators (sharks and jacks) accounted for only 2% of total fish biomass in the areas open to fishing but 9% in the MLCDs. Jacks are a prized target species in Hawaii's coastal fisheries (Holland et al. 1996 , Meyer et al. 2001 ) and the lack of apex predators in fished areas has severe implications for ecosystem function (Graham et al. 2003 , Dulvy et al. 2004 . The small size of most of Hawaii's protected areas limits their effectiveness for larger, more mobile predators (Friedlander and DeMartini 2002) but some evidence suggests that these fishes may benefit from well designed MPAs (Holland et al. 1996) .
MLCDs, FMAs, and open areas showed greater concordance in fish assemblage structure with each other than with other locations under similar management regimes. The two locations with the most dissimilar fish assemblages among all others were Kaneohe Bay (KBAY) and Waiopae (WAIO). Kaneohe Bay is the only embayment with a barrier reef and extensive patch reef system in the MHI and the Waiopae area consists of shallow tidepools that are dominated by small-bodied fishes. Owing to the unique barrier and patch reef system of Kaneohe Bay (Jokiel et al. 2004) , the fish assemblage structure is dominated by herbivores, especially small parrotfishes (Friedlander et al. 2003a ). The Waiopae area consists of a sunken lava bench with a series of shallow tide pools. The fish assemblage in this habitat is dominated by juveniles and small-bodied individuals. Owing to the unique habitat at these two locations, it is not surprising that the associated fish assemblages are so dissimilar to other locations in the MHI. Table 3 for key to codes.
MLCDs in Hawaii were established to support the State of Hawaii's conservation and education objectives, not to enhance fish stocks. As a consequence, most of the MLCDs in Hawaii are currently too small to provide any fisheries benefits. Their small size and limited habitat types do not allow for the entire fish assemblage to function in a natural manner compared to larger and relatively pristine areas such as the northwestern Hawaiian Islands (NWHI). Mean fish biomass on hard-bottom habitats in fished areas in the MHI is 6.8 times less than in the NWHI and within MLCDs, biomass is still 2.7 times less than in the NWHI. The biomass of predators in protected areas in the MHI is also 19 times less than those observed on unfished reefs in the NWHI (Friedlander and DeMartini 2002) .
MLCDs currently account for 0.03% of the total reef area of the MHI (Gulko et al. 2000) . In order for these protected areas to provide any fisheries benefits, 20-30% of the reef area needs to be protected from exploitation (Sladek Nowlis and Roberts 1999, Sladek Nowlis and Bollermann 2002) but larger areas have been proposed by some models (Lauck et al. 1998 , Mangel 1998 ). An effective reserve network design will protect populations and enhance non-protected populations through larval dispersal (Roberts et al. 2003 , Shanks et al. 2003 . Selfreplenishment can be achieved by reserves of sufficient size to contain a substantial amount of larval dispersal, or by networking reserves at suitable distances such that propagules produced by populations in one reserve replenish populations in other reserves (Cowen 2002 , Swearer et al. 2002 , Palumbi 2003 .
Despite the fact that marine protected areas in Hawaii have been in existence since the 1960s, up until now there has not been a comprehensive assessment of them. The small size and shallow depth range of these protected areas limit their effectiveness for biodiversity conservation and fisheries replenishment. Future protected area design in the MHI needs to incorporate a mosaic of habitats necessary to support viable reef fish populations. Complex habitats will harbor higher biomass and greater species richness. Shallow nearshore habitats are necessary for recruit settlement and juvenile survival, while deeper habitats are important foraging, sheltering, and spawning sites for large adults. In addition to these hard-bottom habitats, sandy areas are important corridors for the movement of predators and other vagile species between hard-bottom habitats. Adjacent habitats provide coral reefs with a net gain in energy through feeding guilds that shelter on the reef by day and forage in the surrounding habitats at night (Ogden 1988) . The synergy of these habitats provided needed space in an otherwise crowded biotope, the coral reef (Parrish 1989) .
It is now becoming evident that to conserve marine biodiversity, maintain fisheries, and deliver a broad suite of ecosystem services over a long time frame, an ecosystem-based management approach is necessary (Pikitch et al. 2004, Rosenberg and McLeod 2005) . A more holistic approach to place-based management will require comprehensive ocean zoning if we are to resolve the mismatches between spatial and temporal scales of governance and ecosystems (Agardy 2005 , Crowder et al. 2006 . To achieve ecosystem-based management, a spatially explicit GIS approach will be required to better understand the patterns and processes that regulate ecosystem function, both to ensure the sustainability of fisheries and to maintain the non-fisheries benefits of the ecosystem to society (Babcock et al. 2005) .
In this study, a biogeographic process using GIS technology and sampling across the range of habitats present within the seascape has allowed for a robust assessment of MPAs for which future management decisions can be based. Legislation recently aimed at limiting, or outright prohibiting additional MPAs in Hawaii was withdrawn, in part because of our findings that showed that MPAs in Hawaii have been successful to varying degrees despite their small size and lack of adequate scientific design. Our approach is easily repeatable and should provide a framework for the evaluation of existing MPAs at other locations, leading to more effective management and ultimately, better conservation of marine ecosystems.
